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Ten members of the CRLLB are currently conducting studies that analyze stabil- 
ized language processes (as distinguished from acquisition, modification, and 
structure of language). These studies examine the components of language per- 
formance over the entire range of ’'levels" — from systematic phonetics to logical 
discourse. Equally broad are the ranges of subjects (infant to adult, normal and 
impaired) and of measures (physiological and behavioral, perceptual and productive) 
that are employed. Four studies drawn from this ample research "space" (ample 
conceptually, not architecturally) are reported in the following section, and others 
in progress are described at the end of this report. 

Strange Ross, who conducted psycho-acoustic research at the University of 
Copenhagen and then at Harvard University, reports the latest in a series of studies 
exploring human auditory sensitivity as a function of frequency and intensity, apd 
its substrate in the mechanics of hearing. The next two studies represent a 
recurrent topic of Center research, the analysis of language prosody. One is addressed 
to the question of how we acquire the prosody of our native language, the other 
to how we acquire the prosody of a second language. 

First, William Sheppard and Harlan Lane give a further report on their studies 
of that marvelous oxymoron, infant speech. Some noteworthy developmental trends 
in prosodic features have been uncovered, and the authors fearlessly advance 
physiological hypotheses to acount for them. In the finest tradition of research 
in this area, one of the subject infants is William Sheppard Jr., III. Breaking 
a different tradition, Dr. Lan# proves that an administrator can still keep his 



hand in research. 
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Next, Raji Rammuny, a native of Jordan, presents extensive findings of 
a contrastive analysis of the prosody of English and Arabic. Although his own 
fluency in English belies his findings. Dr. Rammuny shows strikingly how linguistic 
analysis can predict interference, and how the latter can be overcome with innova- 
tions in pedagogical techniques and devices. 

There are at least two good reasons to believe that Daryl Bern’s self-description 

t 

as a "radical behaviorist" (in the fourth article in this section) will prove 
self-validating. The first reason follows from his provocative reformulation of the 
area of attitude change. Self-perception, he argues, is a special case of inter- 
personal perception; we convince ourselves, just as we convince others, when the 
statements we make appear to be simply descriptive, rather than motivated by personal 
gain. Then, too. Dr. Bern's success in confirming predictions made from the position 
of a radical behaviorist will no doubt encourage him to explore this strategy 
further (as can be seen from his report of research-in-progress) , and thus increase 
the appropriateness of his self -description. 



Loudness of Pure Tones as a Function of Frequency, 
Intensity, and Middle-Ear Mechanics " 

Part III 

Acoustico-Mechanical Properties of the 
Middle Ear at High Stimulating Sound Intensities 



Strange Ross 

Center for Research on Language and Language Behavior 



Abstract 

Acoustic impedance at the eardrum of three Ss was determined 
as a function of frequency and intensity of an ipsilateral, sustained 
stimulating pure tone. For increasing intensity of the stimulating 
tone, one JS showed an increasing impedance for medium to high inten- 
sities, and all three showed a decreasing impedance for the highest 

intensities (above about 120 db SPL) . It is suggested that the thresh- 
olds for these changes are reached at an equal-loudness contour, and at 
a contour of equal displacement amplitude of stapes, respeitively, and 
the mechanisms for these changes are assumed to be related to the middle- 
ear reflex, and to a change in axis of rotation of the malleo-lncudal 
complex, respectively . It was found that neither the 'reflex' effect 
nor the 'axis of rotation' affect could be duplicated on Zwislocki's 
middle-ear analog. However, by extending this analog so as to incor- 
porate a circuit representing the effect of a changing axis of rotation 
of the malleo-incudal complex, it was possible to duplicate closely the 
observed decrease in acoustic impedance with increasing intensity. The 
middle-ear transmission for this extended analog was computed* and its 
effect on the form of matching functions and equal-loudness contours is 
discussed. 



Introduction 

As described in detail in Part II of the present report, acoustic impedance 
at the right eardrum of three Ss was measured as a function of frequency and 
intensity of a stimulating tone emitted by an acoustic bridge to the ear under 
test. Measures were collected in series, separated by rest periods. During 
each series of determinations the acoustic bridge was left In place on the ear, 
and for a given frequency the intensity of the tone emitted by the bridge was 
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raised in steps of 5 or 10 db from the lowest level that still permitted a null 
to be detected, to the maximum level which the £ could tolerate. For each of 
10 frequencies, Ss JR and FP completed four series, and S, LL two series of im- 
pedance determinations. During each series of measurements, the stimulating 
tone was left on continually, and the measurements were performed as rapidly as 
possible, that is, at the rate of approximately one per minute. Thus, the re- 
sults to be reported here concern the acoustic impedance at the eardrum under 
sustained stimulation by a pure tone. 

Results 

The measures of acoustic resistance and reactance obtained from each j5 
are displayed in the complex impedance plane in Figs. 1-3 with frequency 
as the parameter. Each point is the average of repeated determinations at 

Insert Figs. 1-3 about here 



a particular intensity of the stimulating tone. (For graphical clarity the 
data for 80 cps have been omitted for S, JR, and the resistances for 320 cps 
and 800 cps for £ FP have been multiplied by factors of 2 and 2.5, respec- 
tively.) Figs. 4-9 (replicating Figs. 7 - 9 of Part II of this report) 
present the same data as a function of the intensity of the stimulating 
tone, with frequency as parameter. 

mm mt mm trnm^mmmmmrn mm m m mm mm mm mm mm mm mm mm mm mm mm mm m m mm m m m m mm mm mm mmmmwct:mm mm ****** mm mm 

Insert Figs. 4-9 about here 

Examination of Figs. 1-9 reveals a number of more or less clear-cut 
stages in the change in impedance with increasing intensity of the stimulating 
tone. Some of these stages are more apparent for some Ss than for others, and 

o 
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some stages are non-existent for some Ss. For increasing intensity of the 
stimulating tone, the stages are as follows. 1) Up to a certain level of the 
intensity of the stimulating tone, the acoustic impedance at the eardrum 
appears to be constant 2) When the intensity is increased beyond this level, 
the negative reactance increases. This increase may be accompanied by an in- 
crease or a decrease of the resistance, or the resistance may remain constant. 

3) At a somewhat higher level, the negative reactance begins to decrease,, 4) At 

t 

a still higher level, the resistance begins to decrease, sometimes after a pre- 
ceding increase. The decrease in negative reactance initiated in the preceding 
stage continues. 5) For the very highest intensities of the stimulating tone, 
both resistance and negative reactance reach a final stable level. 

Of these five stages, stage 1 is found for all three Ss. Stage 2 is 
apparent in the data of J5 JR for frequencies including and above 125 cps, and 
for S, FP in the data for frequencies including and above 320 cps. For JS LL, 
this stage ia vaguely evidenced in the data for 320 cps and 800 cps. Stage 3 
and stage 4 are clearly exhibited by all Ss, for all frequencies testedc Finally 
stage 5 is clearly in evidence only for S, FP, for frequencies from 20 cps to 200 
cps; JS LL possibly exhibits this 3 ame stage from 20 cps to 320 cps. 

It should be noted from Figs. 1-3 that the impedance changes occurring 
during stage 4 are such as to follow the impedance pattern of stage 1; that is, 
impedance changes during stage 4 are approximately equivalent to impedance 
changes produced by increasing the frequency oi the stimulating tone at in- 
tensity levels below the onset of impedance changes <, 

Discussion 

Thresholds for various stages of impedance change 

In this and in the following sections, two kinds of analyses of the data 
presented in Figs. 1-9 will be attempted^ First, the 'thresholds* for the 



various stages of impedance change will be related to other relevant infor- 
mation. Second, an attempt will be made to account for these stages by means of 
the middle-ear model described in Part II of this report. 

As will be evident from Figs. 4 - 9, the thresholds* of the five stages 
of impedance change enumerated above are not very clearly defined. Therefore, 
rather than attempting to extract these thresholds from the data, a hypothesis 
concerning the threshold of each stage will be advanced, and the corresponding 
predictions will be compared with each set of actual data. This procedure in 
no way constitutes a proof of the hypotheses advanced; however, the data do 
not seem to warrant any more refined treatment. 

It is proposed that the threshold for the onset of the initial change in imped- 
ance coincides with an equal- loudness contour for the stimulating tone. 

(Due to the lack of definition of this threshold, the proposal just mentioned 
is practically indistinguishable from the assertion that the threshold coincides 
with a given sensation level of the stimulating tone. For theoretical reasons, 
however, the former formulation is preferred.) For each J3, the values of the 
best-fitting equal- loudness contour (from Tables 2 - 4 in Part I of this report; 
see also Table 1) have been plotted in Figs. 4-9. The correspondence between 

H 

Insert Table 1 about here 

the onset of change of reactance and these plotted values is satisfactory for 
Ss JR and FP. In the case of £ LL, the transition from stage 1 to stage 2 is 
so poorly defined as not to permit an evaluation of the hypothesis advanced. 

Further, in the case of £>. JR, there is a reasonably good correspondence 
between the predicted values and the onset of change in resistance. 

It is further proposed that each of the transitions between stages 2, 3, 

4, and 5 occur, for a given at given displacement amplitudes of stapes. 
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Even though information concerning the relation between stimulating sound in- 
tensity and resulting stapes displacement amplitude is available from the 
middle-ear models for each jS discussed in Part II of this report, this infor- 
mation is not directly applicable to the present data. The reason for this 
is that the models of Part II are based on the initial levels of impedance 
(that is, those belonging to stage 1), and not upon the levels of impedance and 
their associated acoustico— mechanical conditions at the subsequent stages of 
impedance change. However, in the absence of more pertinent information, we 
shall assume that the displacement amplitudes of stapes as calculated from 
the above-mentioned models are still applicable in an approximate sense to the 
data at hand. 

In Figs. 4-9 the best-fitting sets of stimulating sound intensities 
corresponding to (approximately) equal stapes displacement amplitudes have 
been plotted for the following transitions: stage 2 - stage 3 (reactance); 

stage 3 - stage 4 (resistance); and stage 4 - stage 5 (resistance and re- 
actance) . The numerical values of these equal -displacement contours are 
listed in Table 1. The correspondence between the plotted values and the 
points of transition must be regarded as quite satisfactory. 

It will be noticed from Figs. 5, 7, and 9 that stage 2 (that is, an in- 
crease in negative reactance) is never evidenced when the predicted threshold 
of this stage exceeds the predicted threshold of stage 3 (that is, a decrease 
in negative reactance) <> If is tempting to conclude that the mecnanism 
associated with stage 3 is 'stronger' than that associated with stage 2, and 
thus 'blocks' the effect of this latter stage. 

The fact that the thresholds of the various stages seem to be associated 
with two different variables, i. e., loudness and amplitude of stapes displacement 
suggests that two different mechanisms are involved in the observed impedance 



changes. The mechanism responsible for the changes belonging to stage 2 un- 
doubtedly is the contraction of the middle-ear muscles, while the mechanism 
responsible for the succeeding stages presumably is related to changes in the 
axis of rotation of the ossicles, as described by Bekesy (1960). 

Analog approximations of 1 reflex 1 effect 

Part 11 of the present report included a description of how the parameter 
values of the middle-ear analog developed by Zwislocki (1962) were adjusted 
for each S, so as to make the input impedance of the analog conform as closely 
as possible to the observed initial stable levels of the acoustic impedance 
at the eardrum. A diagram of this analog network is given in Fig. 10 (repli- 
cated from Part II of this report) . We shall now investigate whether the 



observed changes in acoustic impedance with increasing intensity of the 
stimulating tone can be replicated on the analog networks by appropriate 
adjustments of a single parameter, or of a simple combination of parameters. 

Since the impedance changes presumably associated with the activation 
of the middle-ear muscles are exhibited clearly only by S, JR, this kind of 
impedance change will be explored relative to the analog developed for this 
S,. In looking for possible candidates among the parameters which might be 
able to produce the observed changes, all the inductances may at once be 
dismissed on the grounds that their effect is either limited to the highest 
frequencies tested, or is negligible. Likewise, all resistances - in isola- 
tion, at least - may be dismissed on the grounds that their effect is mainly 
one of changing the resistive component of the input impedance. 




Insert Fig. 10 about here 



Among the capacitances of the an^lpg network we may dismiss those that 
correspond to more or less fixed properties of the middle ear. This eliminates 
and Cp, both of which represent certain volumes of air, the size of which . 
presumably is independent of any action of the middle-ear muscles. Further, 

C^2» that is, the compliance of the part of the eardrum not directly coupled 
to the malleus, may be dismissed due to its negligible effect on the input 
impedance. 

This process of elimination leaves us with four possible candidates to 
account for the observed impedance changes: C,., C , C , and C , representing 

QX U 9 C 

the compliances of the part of the eardrum directly coupled to the malleus, of the 
suspension of the malleo-incudal complex, of the incudo-stapedial joints, and 
of the stapedius muscle and the oval and the round windows, respectively. The 
computed effects of each of these four parameters in isolation on the input * 
Impedance of the analog network are shown in Fig. 11. Dots within a circle 

Insert Fig. 11 about here 

represent the 'normal* values of the input impedance. The value of each 
parameter is varied over a range from 2 times its normal value to at least 
1/2 times this value. Arrows on the lines connecting corresponding points 
indicate direction of impedance change for increasing parameter value, that 
is, for increasing compliance. 

Comparison of Figs. 1 and 11 shows that variation of C q produces the 
desired change of input impedance for 500 cps, but not for any other frequency. 
Further, it will be seen that variation of C results in impedance changes in 
approximately the correct directions for ail frequencies, but of a quite in- 
sufficient range. Covariation of C and C does not remedy this situation, 

o c 

neither when these parameters are varied in direct proportion, nor when they 



are varied according to (^k C q , k C c >. Various other attempts at producing the 
desired changes in input impedance also failed. 

The conclusion to be derived from these negative results seems to be that 
the analog network (for this SI, at least) does not represent a sufficiently 
accurate model of the middle-ear mechanics to be able to account for the changes 
in acoustic impedance at the eardrum brought about by activation of the middle- 
ear muscle reflex. 

Among other things, this failure to account for the initial stages of im- 
pedance change for JS JR leaves open the question of whether the apparent re- 
tracing of the acoustic impedance after the negative reactance has reached its 
maximum value is due to adaptation, or to the effect of a subsequent and 
different mechanism. 

Analog approximations of 'axis of rotation' effect 

That kind of impedance change, which is characterized by being approximately 
equivalent to the effect of an increase in frequency (stage 4), is clearly ex- 
hibited by all three Ss (Figs . 1 - 3) . Since the analog parameter values< derived for 
J3. LL (presented in Part II of this report) are comparable to those for S FP, and 
to the average values contained in Zwislocki's analog network, the data of S 
will be selected here for an analysis of this effect. 

As was the case for the analog network for J5 JR described in the previous 

section, all parameters except C^, C q , C g , and C may be dismissed from the 

analysis on the grounds either that they represent supposedly fixed properties of 

the middle ear, or that their effect on the input impedance of the network is 

# 

negligible. Figure 12 presents the 'normal' impedance values for the analog 



Insert Fig. 12 about here 
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network adjusted for S, LL, together with the impedance changes due to isolated 
variation of the above four parameters - Comparison with Fig. 2 reveals that 
an increase of the value of generates the desired kind of impedance change 
for the lower frequencies, but that the direction of this change deviates more 
and more from the desired direction, the higher the frequency. No other param- 
eter, when varied in isolation , produces Impedance changes approaching those 
observed at. the eardrum. , 

The possibility exists that the variation of a combination of parameters 
would yield the desired kind of impedance change , The most likely combination 
is that of and C Q , whose combined effect is plotted on Fig. 12. It will 
be seen that this combination produces directions of impedance change which, 
as a whole, may be regarded as slightly more satisfactory than those produced 
by variation of alone, but which still depart significantly from the ob- 
served directions of impedance change • 

Also in this case, the^t, the conclusion seems to be that the analog net- 
work proposed by Zwislocki in not a sufficiently accurate representation of 
the middle-ear mechanics to allow a simulation of the second major kind of im- 
pedance change observed at the eardrum * 

If the kind of impedance change under consideration is regarded as due 
to a shift in the axis of rotation of the ossicles, as suggested earlier, this 
negative result is not very surprising, since the analog network developed by 
Zwislocki was not intended to account for this kind of mechanism. It has been 
attempted, therefore, to modify Zwislocki' s model in such a way as to fulfill 
this added function. This extended model, the derivation of which is described 
in detail in an appendix to this report, is based on the following considera- 
tions. The goal was to design a model of the middle-ear mechanics that would 
allow a shift of the axis of rotation of the mallec-incudal complex to result 



in a reduction of the impedance at the eardrum. This goal was attained by 
utilizing Bekesy's observation that at high sound intensities the axis of 
rotation of the stapes shifts from one perpendicular to the long axis of the 
footplate, to one parallel to this axis. Since the suspension of the foot- 
plate apparently is symmetrical with respect to its long axis, a rotation 
around this axis results in only local displacements of the fluid behind the 
footplate. This, again, means that in this mode of vibration the loading of 
the footplate normally exerted by the cochlear complex is removed, with a 
consequent increase of the mobility, or decrease of the impedance, of the 
entire middle-ear system. Ihi3 shift in the axis of rotation of the stapes 
footplate is assumed to be brought about by a shift in the axis of rotation 
of the malleo-incudal complex. The exact mechanism of this latter shift has 
not been accounted for in the extended model, but it is assumed to be due to 
different non-linear characteristics of the ligaments supporting the malleo- 
incudal complex. Thus, this mechanism is conceived of as operating 'passively, 
that is, without the intervention of any neuro-muscular events, being dependent 
only upon the displacement amplitude of the transmitted vibrations. 

It should be pointed out that the above-mentioned extended model of the 
middle-ear mechanics is offered more as an academic exercise than as a real- 
istic model. In addition to the uncertainty as to the basic mechanism just 
described, this attitude is dictated by the fact that a large number of quite 
arbitrary assumptions concerning the geometry and the mechanical properties 
of the systems involved had to be made. In spite of these limitations, it is 
hoped that this extended model may serve a useful, although limited, purpose. 

The extended analog network Is derived by substituting the last two 
branches of Zwislocki's network (Fig. 10) by the network of Fig. 13. Indices 



Insert Fig. 13 about here 

for the impedances of this network have the following meaning: st - stapedius 

muscle; £ -ligaments of stapes footplate at anterior end of long axis; sh - 
ligaments of footplate at ends of short axis; c - cochlear complex; sj - incudo 
stapedial joint* The quantity k is a measure of the displacement of the axis 

4 

of rotation of the malleo-incudal complex; k * 1 signifies no displacement, and 
k * 0 signifies maximal displacement. 

Setting) * Z q ^ + 2Z^ + * 2 ^ c > and expanding each impedance into components 
the electrical equivalent of Fig. 14 is obtained, (The only mass component of 

Insert Fig. 14 about here 

the system is the one associated with the cochlear complex.) This network, in 
conjunction with the remaining part of Zwislocki's network, was used for pro- 
graming a computer (Digital PDP-4) to calculate the resistive and the reactive 
component of the input impedance, and the transmission of the network (see 
Appendix) . 

Through a process of trial and error, a new set of parameter values for 
the initial impedance levels was arrived at. These values are given in 
Table 2, together with the parameter values for Zwislocki's analog for this 

t— — mm i — wiww — i ■■■■ ——1—— — ■— mmmt mm — — mmtrn mmtmmmmmmm 

Insert Table 2 about here 
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jS (LL) as arrived at in Part II of this report. As will be noticed, only 
minor changes in the values of parameters occurring in both models have been 
made, with the exception of the values of C Q and R q which have been multiplied 
and divided by a factor of 4, respectively. Many of the minor changes may not 
have been absolutely necessary, or similar changes might have been made in 



Zwislocki's model without any significant deterioration of the desired input 

impedances. (Comparison with the permissible ranges of the parameter values 

for Zwislocki's model, given in Table 2, Part II, shows that only the new 

values of C and C exceed this range.) 
p o 

The effect of varying individual parameters of the extended analog was 
very sirailar to that found for Zwislocki's analog. Again, the relevant param- 
eters are the capacitances (compliances) representing non-fixed properties of 
the middle ear, that is, C dl , C d2 , C q , C x> C sh , and C^. Of these, C d2 , C x , 
and C g j were found to have practically no effect on the input impedance, (al- 
though C was found to affect the transmission appreciably). For the remain- 

ing three parameters, the effects of C,- and C were found to be almost iden- 

dl o 

tical to the effect of these parameters in Zwislocki's model as shown in 

Fig. 12, and the effect of was found to practically duplicate the effect 

of C . 
o 

Due to these close similarities in the effects of the relevant parameters 
in the two models, we may again conclude that among these parameters, is 
the only candidate for approximating the desired impedance changes. Figure 15 
shows the effect on the input impedance of the extended analog network of 

Insert Fig. 15 about here 

changing the value of from .28yf to .45yf. For comparison, this figure also 
replicates the changing acoustic impedances as observed for £ LL, previously 
given in Fig. 2. 

Figure 15 further shows the effect of subsequently changing the value of 
k from 1*0 to .50 and to .10, that is, the effect of dislocating the axis of 
rotation of the malleo-incudal complex. Values of k below .10 yield only 
minor further changes in the input impedance, (although the transmission 
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contlnues tq> be affected) . This combination of parameter changes was found to 
provide the closest approximation to the observed changes in acoustic impedance. 
Isolated variation of k, as well as of C^, did not produce comparable results. 

The correspondence between observed and calculated values as displayed in 
Fig. 15 must be regarded as very satisfactory, although reservations may be 
held as to the soundness of the model involved » 

In case is regarded as a relevant parameter for the observed reduction 
in acoustic impedance at the eardrum with increasing intensity of the stimulating 
tone, the question arises - irrespective of whether Zwislocki's model or the ex- 
tended model is assumed - as to how this change in the compliance of part of the 
eardrum is brought about. One possibility seems to be to assume that the handle 
of malleus is displaced in the direction toward the eardrum at these higher inten- 
sities, thereby creating a slack 'fold' between these two elements. This displace- 
ment conceivably may be brought about either through a contraction of the stapedius 
sufficient to more than counteract the effect of a contraction of the tensor 
tympani, or through the displacement of the axis of rotation of the malleo-incudal 
complex. It would seem possible to subject this contention to a direct test by 
microscopically observing the eardrum when stimulated by high sound intensities. 

In teleological terms, the extended model provides the following conception. 

As the stimulating sound intensity reaches a certain level, the stapedius begins 
to contract* Although this contraction (according to the extended model) has 
practically no effect on the input impedance, it serves two different purposes. 

As suggested by Bekesy, it increases (possibly in conjunction with an activation 
of the tensor tympani) the forces acting on either side of the ossicular joints, 
thereby preventing "clatter" at high accelerations (as encountered at high in- 
tensities and high frequencies). Also, it significantly reduces the transmission 
from eardrum to cochlear fluid, thereby affording a protection of the inner ear. 
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This reduction in transmission was found to be practically independent of 
frequency. When the parameter C x , which contains the compliance of the 
stapedius as a component, takes on the values of .40, .20, .10, .05, .01, 
and .001 pF, the corresponding transmissions (expressed as 20 times the 
logarithm of the ratio of the resulting volume velocity of the cochlear 
fluid to the stimulating sound pressure at the eardrum) were found to equal 
-90.0, -92.3, -95,7, -100.2, -112.8, and -132.5 db at 200 cps. 

At still higher intensities of the stimulating sound, the handle of the 
malleus moves closer to the eardrum. As a result, the compliance of the area 
of the eardrum closest to the malleus is increased, and the acoustic impedance 
at the eardrum is decreased. This change in compliance has only a very small 
effect on the transmission from eardrum to cochlear fluid, and may actually 
result in a better transfer of acoustic energy from a free-field sound wave to 
the middle ear, due to the closer matching of impedances of air and eardrum. 

If this change in compliance has any teleological function at all, it may 
consist in a protection of the eardrum itself. 

Finally, a change in the axis of rotation of the malleo-incudal complex 
takes place, due, presumably, to non-linearities in the supporting ligaments. 

The resulting change in the mode of vibration of stapes results in a reduced 

i 

transmission to the cochlear fluid, thus constituting an additional protective 
mechanism. This decrease in transmission was found to be practically Independent 
of frequency (as was the case for the reduction in transmission caused by the 
stapedius). For the four combinations of parameter values listed in Fig. 15, 
the corresponding transmissions at 200 cps were found to equal -90.0, -90.4, 
-95.0, and -108,6 db; (a change of axis of rotation is associated with the 
latter two values) , 



On the basis of this conception, it is possible to assess the effect of 
changes in the transmission of the middle-ear on the matching functions 
(and, thus, on the equal-loudness contours). According to the extended 
middle-ear model, contraction of the stapedius significantly reduces the 
middle-ear transmission. For a given degree of contraction, this reduction 
is assumed to be independent of frequency. Assuming that the threshold for 
activation of the stapedius coincides with an equal- loudness contour, and, 
further, that the function relating loudness and resulting degree of contrac- 
tion also is independent of frequency, then all loudnesses of a given level, 
associated with different frequencies, will be reduced by the same amount. 
Since the matching functions in the intensity range under consideration 
closely approach straight lines with a slope of 1.0, such a constant reduc- 
tion of loudness values will have no effect on the matching functions « Con- 
sequently, the equal-lcidness contours in this intensity region will also 
remain unaffected by a contraction of the stapedius. 

While changes in the compliance of the eardrum have no effect on the 
middie-ear transmission, a change of the axis of rotation of the malleo- 
mcudal complex - according to the extended model - affects transmission, 
again independently of frequency. Since this latter effect sets in at sound 
pressure levels corresponding to equal displacement amplitudes of stapes 
(that is, at levels departing from an equal-loudness contour), we should 
expect a break to occur in each (or some) matching function at a point 
corresponding to one of the component tones reaching this critical level. 
Inspection of the matching functions of FigSo 23 - 25 of Part II, in con- 
junction with the levels for the onset of the *axis of rotation* effect 
indicated in Figs. 4-9, however, does not seem to substantiate this 
prediction. 



Appendix 

Derivation of Extended Analog Network for 
the Stapedio-Cochlear Complex 



Spatial specifications for incudo-s taped ial complex 

The following specifications of the relative positions of the oval window, 
stapes, incus, and the normal axis of rotation of malleus-incus have been 
arrived at under consideration of two points: 1) these specifications should 

be reasonably close to the available anatomical information; 2) the resulting 
geometry should be as simple as possible. The anatomical information was 
gathered from standard textbook illustrations (e.g., Bekesy, 1960; Wever & 
Lawrence, 1954), and especially from the semi-solid representations in 
Pemkopf's Atlas (1963). 

Imagine a three-dimensional coordinate system with its origin located at 
the center of the oval window, with its x-axis along the long axis of the oval 
window, and its y-axis along the short axis of this window. The z-axis of 
this coordinate system then passes through the axis of symmetry of stapes. 

Let us assume, for the sake of simplicity, that the height of stapes equals 
the length % of the long axis of its base, and that the short axis of its base 
equals one half of the long axis. The top of stapes, T, thus receives the 

i 

coordinates (o, o, A). 

The following more or less arbitrary assumptions are made concerning the 
location of incus and the normal axis of rotation, of malleus-incus: 1) the 

tip of the short process of incus is attached by short ligaments to the bony 
wall of the middle ear at point C with coordinates (-£, 2&, 2 %) (see Fig. 16); 
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Insert Fig. 16 about here 

2) the normal axis of rotation of malleus-incus falls in a plane parallel to 

t 

the xz-plane; 3) the line CT is perpendicular to the normal axis of rotation 
of malleus-incus, that is, CT coincides with the arm of force attacking the 
top of stapes through the incudo-stapedial joint. 

From these assumptions, the angle formed by the normal axis of rotation 
with the xy-plane is determined in the following way. The line CT is rotated 
around the sough t-f or axis until it lies in a plane parallel to the xz-plane 
(through C). This new position of CT is identical to the projection of the 
original line CT on the plane mentioned, since it is assumed that CT is per- 
pendicular to the axis of rotation, and since the projection of a right angle 
on a plane containing one leg of this angle is always a right angle. There- 
fore, from an xz-projection of CT, the angle formed by the axis of rotation 
can be determined to 45® (see Fig. 16). 

Assuming further that the normal axis of rotation of malleus-incus passes 
through the center of gravity of this complex, the approximate location of 
this center would be at point G with coordinates (o, 2 £ , 3&) • 

Decomposition of normal force on three principal axes 

For a given force f acting on the top of stapes, the component forces 

f » f » and f in each of the three principal directions are derived from the 
a y z 

geometry of the system in the following way. 

The force f, which is contained in the vibratory plane perpendicular to 
the axis of rotation through C, projects onto the same line in the xz-plane 
as that into which the vibratory plane itself projects. We already know from 
the xz-projection of Fig. 16 that this line forms 45® with the axes. It thus 
follows that, 

(1) f = f . 

X z 

o 
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Figure 17 shows the geometry of the vibratory plane. The plane is deter- 



Insert Fig. 17 about here 

mined by three points: C, T, and F. Points C and T are already known. Point F 
is indicated on Fig. 16, and is the projection of C on the xz-plane. Since the 
axis of rotation is parallel to the xz-plane, FC must be perpendicular to this 
axis, and thus must be contained in the vibratory plane, that is, F is a point 
in the vibratory plane. 

Since F is the projection of C on the xz-plane, and since FT is contained 
in the xz-plane, it follows that £ TFC = 90°. From Fig. 16 it is easily seen 
that FC « 2£, and that FT * it follows that TC ■ S6l. 

The line FC is parallel to the y-axis. Therefore, the projection of the 
force f (acting perpendicular to the arm of force TC) on a line through T 
and parallel with FC is the y-component of f. From similar triangles we obtain: 

(2) f y-ijf. 

f Jb t y 

Since FT is contained in the xz-plane, the projection of f on this line yields 
the xz-component of f. Similar triangles give: 

(3) fs* = 

f 

From (1) we already know that the components of f along x- and z-axes are 
identical; it follows that 




T 



c 



that is, 

(5 > 

We thus see that the component forces along all three principal axes equal 

f. This, incidentally, means that the force f forms the same angle with 

* 

all three principal axes and, therefore, with all three principal planes. 



Discussion of various ways in which axis of rotation of malleus-incus may change 
The purpose of the following considerations is to explain the empirical 
finding that the mobility at the eardrum, after a minor decrease, shows a pro- 
nounced increase with increasing sound intensity. (In the present context, 
'mobility' is a more convenient concept than impedance. 'Mobility' is the 
inverse of 'impedance.') The initial decrease of mobility will be explained 
by the action of the middle-ear muscles. In explaining the subsequent 
increase, the basic notion is that the mobility of the stapes is much 
greater around the long axis of the footplate than around the short axis. 

The reason for the high mobility in the one case is that the stapes is sym- 
metrically suspended with respect to the long axis of the footplate. This 
means that, as the stapes is rotated around this axis, the fluid of the inner 
ear immediately behind the footplate is moved back and forth between the two 
long rims of the footplate, without transmitting any volume displacement to 
the remainder of the fluid. In this way the low mobility of the remainder 
of the fluid is effectively by-passed, resulting in a high mobility of the 
stapes. However, the stapes is not symmetrically suspended with respect to 
the short axis of the footplate. The ligaments at one end of the long axis 
are assumed to be quite short, while those at the other end are assumed to be 
so long as to actually be slack whenever the stapedius muscle is not contracted. 
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Even when the stapedius is, contracted, the greater length of these ligaments 
is assumed to render these considerably more compliant than the short ligaments 
at the other end of the footplate. The result is that for forces parallel to 
the long axis (and for forces perpendicular to the footplate) , the stapes 
effectively rotates about one end of the long axis, thus causing displacements 
of the entire volume of fluid in the inner ear. The mobility for forces in 
these directions thus is considerably lower than for forces parallel to the 
short axis. 

Bekesy (1960) observed how the mode of vibration of the ossicles changed 
as a function of intensity so as to shift from a direction of vibration parallel 
to the long axis of the footplate to one parallel to the short axis. Bekesy 
stresses the reduction of sound transmission to the inner ear thus obtained, 
and describes this reduction as a protective device. This mechanism, which 
essentially consists of a change in the axis of rotation of malleus-incus, 
seems able to explain the observed changes in mobility at the eardrum by 
assuming that the incus is loaded with a mobility that varies as a function 
of the axis of rotation, which again is assumed to vary as a function of vibra- 
tion amplitude and, thus, sound intensity. 

Unfortunately, however, sufficient anatomical data are not available to 
permit any greater degree of deductive reasoning with respect to the nature 
of the mechanics responsible for this change of axis of rotation. Therefore, 
the following discussion of some possible mechanisms is based mainly on purely 
heuristic criteria, i.e., these mechanisms shall be able to account for the 
observed changes in mobility, and at the same time these mechanisms shall be 
as simple as possible. It is assumed, though, that these mechanisms are 
effected without the help of any muscle contractions, and only through non- 
linearities of the ossicular suspensions. (Strictly, therefore, we should 
talk about changes in 'effective axis of rotation.') Spelled out in terms of 
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the component forces attacking the top of the stapes, this means that we are 
looking for a reasonably simple kind of change in the axis of rotation which 
will cause an increase of f (working into a high mobility) and a decrease of 
f x and f z (working into low mobilities). Furthermore, since the observed 
changes in mobility at higher sound intensities are quite drastic (up to a 
three-fold increase) , and since a change in mobility as seen from incus most 
likely is not reflected intact on the mobility at the eardrum, the sought-for 

change in axis of rotation should be able to effect a considerable increase of 

* . •* 

the y-component relative to the total force attacking "the top of stapes. 

As mentioned before, the short process of incus is attached to the bony 
wall of the middle ear by short ligaments (at point C, Figs. 16 and 17). This 

anatomical datum would make it reasonable to assume that C is a fixed point of 

rotation, that is, that changes in axis of rotation of malleus-incus are 
effected through a rotation of some kind of this axis around point C. It can 
be shown, however, that the normal axis of rotation produces the maximum value 

of fy/f obtainable for any axis of rotation passing through C. In order to 

demonstrate this, we will account for the changes in f /f produced by rotating 
the axis of rotation in each of two planes perpendicular to each other through 
the normal axiSr Combinations of these two kinds of rotation will produce all 
possible axes of rotation through C. 

« * 

The first plane to be considered is the plane determined by the normal 
axis of rotation and the line CT. For any axis of rotation contained in this 
plane, and passing through C, the direction of the resulting force at T will 
remain the same, although the magnitude of this force will vary. Consequently, 
the ratios f x /f, fy/f, and f^/f will remain invariant to this kind of change of 



axis of rotation. 
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The plane through the normal axis of rotation perpendicular to the plane 
just considered is the plane perpendicular to CT through C. When the axis of 
rotation is rotated around C in this plane, the vibratory plane changes its 
orientation • As a consequence of the particular geometry of the system it so 
happens that the normal plane of vibration contains a line through T parallel 
to the y-axis. This, in turn, means that the normal y-component of the force 
is contained in the vibratory plane. For any other orientation of the vibratory 
plane (no longer containing a line through T parallel to the y-axis) , the y-com- 
ponent of f will appear as the projection on the y-axis of the normal y-component. 
Since a projection is never greater than the magnitude projected, it follows that 
f /f attains its maximum value for the normal axis of rotation. 

y 

It thus appears that we cannot maintain the assumption that point C always 
falls on the axis of rotation of malleus-incus. In order to increase the ratio 
fy/f, the axis of rotation must move closer to the xz-plane, that is, the plane 
through the long axis of the footplate and the top of stapes. Among the many 
possibilities for such a movement, we choose the simplest one: we assume that 
the axis of rotation from its normal position performs a simple translation in 
the direction of the y-axis toward the xz-plane. As the limiting case, the 
axis of rotation reaches (and is contained in) the xz-plane. This particular 
assumption implies that while the arm of the force and the direction of the 
force change with changing axes of rotation, the plane formed by the arm and 
the force (i.e., the vibratory plane) remains fixed. For the purpose of 
further simplification let us assume that the lever ratio of the malleus-incus 
lever remains constant for varying axes of rotation (due to a shortening of 
both arms of this lever) ; this means that the magnitude of the resulting force 
is independent of the position of the axis of rotation. In addition, we will 
assume (for the time being, at least) that the increase in rotational inertia 
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of malleus-incus owing to the movement of the axis of rotation away from the center 
of gravity of this complex can be disregarded. * (It is realized that this 
assumption [as well as the preceding one] violates the conclusion reached by 
Zwislocki (1962) from an analysis of Miller’s (1961) work, according to which 
the axis of rotation of malleus-incus must always pass through, or at least 
near, the center of gravity of this complex. We see no other way, however, of 
attaining the desired mechanism.) 

Figure 18 illustrates how the component forces change as a function of 

e 

the position of the axis of rotation. The plane represented is the vibratory 



plane, and since this coincides with the normal vibratory plane for all axes 
of rotation, the plane of Fig. 18 is identical to that of* Fig. 17. Point R 
is the Intercept of the instantaneous axis of rotation and FC, and, since 
the axis of rotation is perpendicular to FC, R is also the projection of this 
axis. The distance FR is denoted by 2k&, o £ k £ 1. 

From Fig. 18 we obtain the following relations: 



Insert Fig. 18 about here 



( 6 ) 




(7) f y /f - TF/TR 




( 8 ) 



f /f - FR/TR * ZkUJzJ: 
xz 



1 + 2k^ Z n 




Since the vibratory plane intersects the xz-plane under 45° with the x- and z- 
axes, it follows that 
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(.10) £ /f ■ f /f * f /f * *? JE k/ s/l + 2k^ * k/ + 2k‘ 

X Z 4 XZ 4 



or, 



(U) f x - f, - kf y - 



/ 



f. 



1 + 2k 



Mechanical properties of incudo-stapedial complex' 

The incudo-stapedial complex consists of the following components: 

1) incus, with its attachments to malleus and to the bony wall of the middle 
ear; 2) stapes, with Its ligaments connecting the footplate with the oval 
window; 3) the incudo-stapedial joint, connecting the tip of the long process 
of incus with the top of stapes; and 4) the stapedius muscle, attached to the 
top of stapes. v 

The following mobilities are involved in this system: a) the mobility of 

the top of a stapes disconnected from stapedius and incus; b) the mobility of 
stapedius; c) the mobility of the incudo-stapedial joint; and d) the mobility 
of the tip of the long process of incus, i.e., the mobility of incus as seen 
from the incudo-stapedial joint. The mobility of stapes is a complex function 
of the mobilities of the ligaments supporting the footplate in the oval window, 
of the fluid of the cochlea, and of the round window. The mobility of incus 
can be divided into three parts: dl) A mobility around the axis of rotation of 
malleus- incus; this component is contained in the preceding stages of the model 
and need not be considered here. d2) A mobility around an axis perpendicular 
to the axis of rotation and perpendicular to the arm of the force. d3) A 
translational mobility in the direction of the arm of the force. 

A number of assumptions will be made concerning the nature of these 
mobilities and their contribution to the total mobility of the system: 



T 




_ I. As mentioned before, it is assumed that the footplate is suspended symmet- 

rically in the oval window along its long axis. 

’ ' ' II. It is assumed that, due to the small angular amplitudes, the short liga- 

ments suspending the posterior end of the footplate effectively act as a 
frictionless hinge. 

III. According to Bekesy (1949), the mobility of the incudo-stapedial joint 

’ is considerably higher in the direction of the long axis of the footplate 

than in the direction of the short axis. Since the angular amplitudes 

f encountered between the arm of force and the joint will always be small, the 

rotational mobility of the incudo— stapedial joint may be assumed infinite. 

„ Consequently, the incudo-stapedial joint will be conceived of as a friction- 

* 

less hinge with its axis parallel to the long axis of the footplate (i.e., the 
I x-axis), and permitted to slide back and forth in the direction of its axis under 

the control of a mobility consisting of a compliance and a resistance. 

IV. Due to the small angular amplitudes between stapes and the arm of force, 

i the mobility mentioned under d2 above will be assumed effectively infinite. 

V. Assuming that the postulated high mobility in the x-direction of the incudo- 

k . ' stapedial joint is much greater than the translational mobility of malleus-incus 

mentioned under d3 above, we may regard this translational mobility as 
effectively being zero. 

VI. The stapedius muscle will be assumed to act on the top of stapes in the 
anterior direction of the x-axis. 

Mobility of stapedial complex 

The total mobility of the stapedial complex as seen from the tip of incus 
is determined by computing the partial mobilities of this system for each of 
the three principal directions. From these partial mobilities the total 
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velocity u resulting from application of force f can be computed* The total 
mobility, then, is determined as the projection of this velocity on the direc- 
tion of the force, divided by the force. 

The partial mobility z in the x-direction appears as the sum of the 

mobility of the incudo-stapedial joint, z , and the mobility in the x-direc- 

s j 

tion of the top of stapes. This latter mobility, z 1 , may be determined under 
reference to Fig. 19, showing the arrangement of the component mobilities in 

Insert Fig, 19 about here 

the xz-plane. In this figure, denotes the mobility of the long ligaments 

attached to the anterior end of the footplate; z^ denotes the mobility of the 

midpoint of the footplate, and equals the parallel combination of the mobility 

3 ^ of the short ligaments attached to the upper and the lower side of the foot 

plate, and the mobility z of the fluid of the inner ear; and z denotes the 

c st* 

mobility of the stapedius muscle. 

The mobility z f is easily determined to: 

(12) z* * z 1 1 ^ z B ! I 2 z, . 
v ' X st 1 1 2 & • 1 k 



Adding to this expression the mobility of the incudo-stapedial joint, and sub- 
stituting the component mobilities of z^, we get: 



(13) z x “ Z si + {z st 



A z 

2 z i 



'sh 



2 z 
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While in the x-direction the attacking force acted through the mobility z^ 
in the z-direcfion it acts on this mobility, in parallel with the z-mobility of 
the top of stapes. Figure 20 gives the arrangement of the component mobilities, 
again in the xz-plane, Simple computations give: 
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(14) z. 
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Insert Fig. 20 about here 



Finally, the y-mobility of the stapedial complex is determined only by 
the dimensions of the system, and by the mobility z gh of the short ligaments 
(see Figc 21). We find: 



(15) z y - 8 z sh . 



Insert Fig* 21 about here 
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We can now proceed to calculate the total mobility z * u^/f. Since 

z * u /f , z * u /f , and z„ * u/f , and since f , f , and f are known, 
x x x y y y z z z’ x y z 

u , u , and u are also known. In order to compute u f /f, we have to project 
x y z i 

the vector U (u , u , u 2 > on the vector F (f x , f , f z ). The angle <J> between 

** y y 

these vectors is given by: 

F»U 

(16) cos ft - , 

‘u 
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where 



(17) F*U « f x u x + f y u y + f z u z . 



and where |f| and |u| are the magnitudes of the vectors F and U, respectively. 
The magnitude of the projection of U on F follows from: 

(18) |U p l « |U| cos 

that is. 



X 
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(19) |lU = 



F»U 

|f| 



Since |u_| = u-, and |f| = f, we have: 



- F • U F 0 U 

(20) z = u /£ = 7-77 = -A 

M f 



substituting (17) in (20) yields: 
f u + f u + f u 

(21) z = -2-2 2=2 ?L_z. 

£ 

We also have: 



(22) z =u/f;u =fz 

X X X* X XX 



(23) z„ = 



u /f ; u = f z 

y y y yy 



(24) z„ = 



u /f 5 u 
z z* z 



f z , 
z z* 



and from (11) we know that 



(25) f = f = k_ = 
x z fy 



k f. 



s/l + 2k 2 



Substituting (22) - (24) in (21) gives: 



(26) z = 



.2 . .2 . .2 
fz + fz +fz 

X X V V z z . 

2 * 
f 



and applying (25) yields: 



(27) z = u./f — r [k 2 (z + z ) + z ], 

1 1 + 2k z x z y 
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which expression states the total mobility of the stapedial complex as a func- 
tion of the partial mobilities of this complex, and of the position of the axis 
of rotation of malleus-incus. It now only remains to insert the values of the 
partial mobilities determined above. 

Introducing from equation (12) the quantity z': 

X 
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z* = z 
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z and z are expressed as follows: 
x z 



(29 > z x = vi + z ; 



< 30 > II z x’- 



In these terms, u^/f appears as: 



2 - U f /f 



1 + 2k 



“ — 9 (k 2 [z . + z' + \ (z . 
2 sj x 2 v sj 



II ^)] + 8 z gh }, 



(31) 



z' - z 



st II 2 Z JI z sh M 2 



The corresponding expression for the impedance of the stapedial complex is: 



z = f/u. = (1 + 2k 2 ) {“2 tz , | 

k J 



| Z * | | 2 (Z . + Z')] 
' X 11 s j X 



i z sh> 



(32) 



Z' =• Z + 2Z + Z , + Z , 
x st £ sh 2 c* 



where Z^, etc., indicates the impedance of the element denoted by the index. 
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Transmission u /f of stapedial complex 
c 



The transmission of the stapedial complex will be defined as the ratio 



of the velocity of the midpoint of the footplate to the applied force f. 



The velocity equals the sum of the partial velocities u cx > u C y> an< * u cz 



due to the component forces f x , f^., and f Of these partial velocities. 



u equals zero because of the symmetrical suspension of the footplate 



around the long axis. 

Referring to Fig* 19, and denoting by u,p the velocity of the top of 
stapes T, we have: 



(33) u cx “ u Tz 2 u Tx 



It remains to determine u , or u_ , as a function of f . Figure 22 gives 

CX IX X 



Insert Fig. 22 about here 



an equivalent diagram of the situation. The force f attacks the incudo- 
stapedial joint, and is transmitted through the mobility of this joint to 
the top of stapes, T. u and u denote the resulting velocities of the point 
of attack of the force f (i.e„, the tip of the long process of incus) and of 

X 

the top of stapes, respectively. It follows from this diagram that 



(34) 



(35) u It “ z' + z„. 

X X X SJ 



and 



(36) (“ x - “ Tx )/<f x + = V 
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From these three equations in combination with equation (33) we obtain: 
1 *' 2 

(37) u cx * 2 p-rr: v 

x sj 



The determination of u follows directly from Fig. 20. We have: 

cz 



(36) u cz -u Tz , 



and from (30) : 



(39 > u T* /f Z - z z * 1 I z sj II z i>« 



that is. 



(40) u 



cz 






I z*] f • 

1 X z 



From equation (11) we know that 
k 



(41) f * f * 
x z 



\/l + 2k 2 



f. 



We thus obtain: 



(42) u * u + u 
v ' c cx cz 






+ 2k 



,2 

{ I J£ + I [z . 

2 z i + z sj 2 1 * 



Z 8j I} f - 



Since 



,2 



(43) TT 



x 



z* + z J 
X sj 



+ (z* I 

X 1 



Z sj> 



X- 2 

X 

z ; * + z 

X sj 



z' z . 

X si 

7 r TTT 

X sj 



z* (z r * + z ) 
x v X si 

z* + z . 

X sj 



z* , 

X* 



is reduced to: 



(44) u - * 



C 1 / 2 

VI + 2k^ 



z* f, 

X * 
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or 



(45) u, - j 



A + 2k 2 



[Z 8t H J Z i II Z =h M 2 Z J f - 



sh 



In terms cf impedances, the transmission is expressed as: 
2 



(46) f/u * 

W 



Jl ± 2k 2 



(Z st + 2Z * + Z sh + 2 Z c>’ 



We note from expressions (43) and (46) that the transmission of the stapedial 
complex is independent of the mobility (or the impedance Z^) of the incudo- 
stapedial joint. 

Equivalent electrical networks 

The equivalent electrical networks for the input impedance of the stapedial 
complex have already been given in Figs. 13 and 14. 

The transmission of the stapedial complex is not directly recoverable from 
the networks just mentioned. Figure 23 shows an electrical network representing 

Insert Fig. 23 about here 

this transmission u /f in terms of the ratio of the current through the circuit 

c 

to the applied voltage. (As was the case for the impedance network, we have 
set ? * Z + 2Z + 7 Z )<, While the input impedance of the extended analog 

is determined as the input impedance of Zwislocki’s network of Fig. 10 with 
its two last branches substituted by the network of Fig. 14, the total trans- 
mission of the extended analog cannot be determined by substituting the network 
of Fig. 23 for the last two branches of Zwislocki's network. The reason is 
that the transmission network must be fed with a voltage representing the force 
applied to the incudo-stapedial joint, that is, the voltage existing at the 




T 




ti. 



i I 



r 



r ) 
L ; 

H 

d 

n 

U 

U 



junction between Zwislocki’s network and the network of Fig. 14. Since the 
input impedance of the transmission network is totally different from the 
network of Fig. 14, this condition would not be met by coupling the transmis- 
sion network to Zwislocki's network. Therefore, the voltage representing the 
force applied to the incudo-stapedial joint must be determined separately, and 
then applied to the transmission network for a determination of the ratio 

^input^ u c 9 

Since the impedance of the stapedial network is a function of the mobility 
z s j of the incudo-stapedial joint, we notice that although the transmission of 
the stapedial complex alone is independent of * Q y the total transmission of 
the extended analog will depend on this mobility. 

a 

Footnote 

1. This research was conducted at the Behavior Analysis Laboratory, University 
of Michigan, supported in part by contract OE-3-14-013 with the U.S. Office of 
Education. 
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Parameter values for initial adjustment of Zwislocki's analog network and 
for extended analog network, for LL* Inductances are given in millihenries, 
capacitances in microfarads, and resistances in ohms. 
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Figure Captions 

Fig. 1. Average acoustic impedance at the eardrum for varying intensity 
of the stimulating tone, with frequency as parameter. Arrows on lines con- 
necting impedance values indicate increasing intensity of stimulating tone. 
(Data for 80 cps omitted for clarity) . Data for S, JR. 

Fig* 2. As Fig. 1, data for S. LL. 

* « 

•Fig. 3. As Fig. 1. Resistance values for 320 cps and 800 cps have been 
multiplied by factors of 2.0 and 2.5, respectively. Data for JS FP. 

Fig. 4. Average acoustic resistance at the eardrum as a function of 
sound pressure level of the stimulating tone, with frequency of stimulating 

i 

tone as parameter. Circles represent an equal-loudness contour, and squares 

I 

an (approximate) contour of equal displacement amplitude of stapes. Data 
for S. JR. 

Fig. 5. Average acoustic reactance at the eardrum as a function of sound 
pressure level of the stimulating tone, with frequency of stimulating tone as 
parameter. Circles represent the same equal- loudness contour as plotted in 
Fig. 4, and diamonds represent an (approximate) contour of equal displacement 
amplitude of stapes, (different from the one plotted in Fig. 4). Data for- 

M 

$ JR. 

Fig. 6. As Fig. 4, except that data points for 80, 125 J 200, 320, 500, 
and 800 cps have been multiplied by 1.1, 1.1, 1.2, 1.3, 1.2, and .7, respec- 
tively, for better separation. Data for S. LL. 

Fig. 7. As Fig. 5, data for £ LL. 

Fig. 8. As Fig. 4, except that data points for 125, 320, 500, 800, and 
1250 cps have been multiplied by 1.2, .85, .65, .50, and .48, respectively, 




for better separation. Data for JS FP. 

Fig. 9. As Fig. 5, data for S, FP. 

Fig. 10. Zwislocki's (1962) impedance analogy of the middle ear. Sub- 
scripts a, p, m, and t refer to the middle-ear cavities; d^ and d£ to the 

% 

eardrum; and o, s, and c to the malleo-incudal complex, the incudg-stapedial 
joint, and the cochlear complex, respectively. 

Fig. 11. Effect on input impedance of Zwislocki's analog network for 
S JR of isolated variation of C^, C 0 , C s , and C c . Arrows on lines connecting 
impedance values for a given frequency indicate increasing values of the param- 
eter in question. 

Fig. 12. Effect on input impedance of Zwislocki's analog network for £ 

LL of isolated variation of C^, Co, C s , and C c , and simultaneous variation 

of and C 0 . Arrows on lines connecting impedance values for a given 

frequency indicate increasing values of the parameter in question. 

# 

Fig. 13. Extended analog network for the stapedio-cochlear complex, as 
developed in the Appendix. Subscript st denotes stapedius; Si - anterior 
ligaments of stapes footplate; sh - ligaments of footplate at ends of short . 
axis; c - cochlear complex; sj - incudo-stapedial joint, k is a measure of 
displacement of axis of rotation of malleo-incudal complex. 

Fig. 14. Electrical equivalent of the network of Fig. 13, where Z x * 

Z g j. + 2Z^ + yZ c . 

Fig. 15. Broken lines: Average acoustic impedance at the eardrum for 

varying intensity of the stimulating tone, with frequency as parameter (repli- 
cated from Fig. 2). Full lines: Effect on input impedance of extended analog 

network of first increasing value of C^, and then decreasing value of k. Data 
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Fig* 16 * Diagrams of spatial specifications for incudo-stapedial complex. 
T - top of stapes; C - tip of short process of incus; a - normal axis of rota- 
tion of malleus-incus; 0 - center of oval window; AB - long axis of stapes 
footplate; DE - short axis of stapes footplate; Si *■ AB; G - center of gravity 
of malleo-incudal complex. 

Fig* 17* Geometry of vibratory plane, and decomposition of normal force. 

I 

T - top of stapes; C - tip of short process of incus; F - projection of C on 
the xz-plane; f - normal force. 

Fig* 18 * Component forces attacking the top of stapes as a function of 
position of axis of rotation of malleo-incudal complex, displayed in the 
vibratory plane 0 T, C, F - as Figo 17; R - projection of axis of rotation on 
FC c 

Fig* 19, Diagram of the xz-plane through the top of stapes (T) for 

9 

determining the mobility z* of this point in the x-direction* F - x-component 

of force attacking T; z^ - mobility of long ligaments at anterior end of stapes 

footplate; z^ - mobility of midpoint of footplate; z - mobility of stapedius; 

z - mobility of incudo-stapedial joint 0 
s j 

Fig, 20. Diagram of the xz-plane through the top of stapes (T) for 

determining the mobility z of this point in the z-directlon. Symbols as for 

z 

Fig, 19. 

Fig, 21 0 Diagram of the yz~plane through the top of stapes (T) for 
determining the mobility of this point in the y-direction, z^ - mobility 
of the short ligaments of stapes footplate. 

Fig, 22 o Diagram for determining the velocity u^ x of the top of stapes 
in the x-direction as a function of the force f attacking the incudo-stapedial 
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Loudness of Pure Tones as a Function of Frequency, 
Intensity* and Middle-Ear Mechanics 
Part IV 

Review and Final Discussion 



Equal-loudness contours 

Previous research on equal-loudness contours has b3en utilized by 
Lochner and Burger (1962) for constructing* an average set of equal-loudness 
contours (based on an intensity/ loudness relation somewhat different from 
the one described in Part II) , Figure 1 shows one of these equal-loudness 
contours, and the average threshold curve from the same study. Figure 1 

MMMMIlWltWiWt— . i , | , - „ 

Insert Fig. 1 about here 

further shows the average thresholds and one set of average loudness matches 
'for each of the three Ss "employed in the present study. Keeping in mind 

4 

that the thresholds compiled by Lochner and Burger are minimum audible field 
(MAF) data, while ours are minimum audible pressure (MAP) data, we should 
expect our threshold values to be somewhat higher for frequencies above 
1000 cps, with a maximum departure of about 10 db at 4000 cps (Wiener, 1947; 
from Bekesy & Rosenblith, 1951). The somewhat greater departures In this 

f 

frequency region may be due either to peculiarities of the Ss employed, to 

/ 

the technique of measuring the applied stimulus, or to the psycho-physical 
method employed. At lower frequencies the correspondence between the two 
sets of data is very satisfactory. 

Disregarding frequencies above 1500 cps, where individual resonance 
phenomena are very likely to introduce great differences in the data, we 



notice from Fig. 1 that our equal-loudness data consistently shew a sharper 

‘ ^ • s *■ 

rise in intensity with decreasing frequency than the data, of Lochner and 
Burger'. (This holds true also when comparing our data with each of the 

i 

sets of data employed by Lochner and Burger) . This difference between the 
two sets of data will be even more apparent by comparing Fig. 2, in which 

Insert Fig. 2 about here 

the matching functions (relative to 320 cps), reconstructed from Lochner 

and Burger’s data are given, >with . Figs. 23-25 of Part II. In our data the 

* 

slopes of the matching functions are much closer to 1.0, and the characteristic 
curvature of the matching functions in Fig. 2 is not recovered in our data. 
These differences in the matching functions are independent of the way in 
which titles timulus is measured (MAF or MAP) , and any masking effect owing to 
’physiological’ noise introduced by applying the stimuli through earphones 
would have the opposite effect. Thus, the only explanation of the differences 
in matching functions seems to be that in our study, as opposed to the studies 
compiled by Lochner and Burger, no fixed comparison stimulus was employed. 

By employing a fixed comparison stimulus of 1000 cps, the loudness balances 
involving a variable tone of a very low frequency become quite difficult, 

* 

and the possibility exists that the J3 under this condition may become likely 

to confuse the ’loudness’ dimension with other psychological dimensions, 

* « 

such as ’volume’ and ’density'. In the present study, each tone was compared 
to tones with a frequency separation up to, but not greater than, 6/5 of 
a decade, thus, presumably, greatly reducing the possibility of a confusion 
with respect to the psychological dimension to be employed. 
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Theoretical loudness . functions and matching functions 



Currently, .three different- expressions "for tfie relationship between 
stimulating sound intensity and corresponding 'loudness- are being advanced. 
While all of these expressions are based on a power function relationship, 
they differ with respect to additive constants introduced to account for 



the departure from log-log .linearity at low intensity levels found for both 
the loudness and the matching functions. These expressions are as fellows: 



( 1 ) 



L - K (P 2 - P 2 ) 0 



( 2 ) 



L t Lj s KP 



29 



L - K (P 20 - P 20 ) 



or 



(3) 



L * K [(P 2 + kP 2 ) 0 - kP 26 ] 



where L is the loudness corresponding to the sound pressure P, P^ is the threshold 

pressure, and K, k, and 0 are constants. It will be seen that (1) (proposed by 

Scharf & Stevens, 1959) creates a departure from log-log linearity by displacing 

the effective zero-point of the stimulus dimension, and that (2) (proposed by 

Lochner & Burger, 1961), accomplishes this effect by displacing the effective 
* 

zero-point of the loudness dimension. In a formal sense, (3) (developed by 
Zwislocki as described in Part I) is a combination of (1) and (2) . 

Denoting by indices x and y two frequencies, and assuming that 0 is 
independent of frequency, (1) and (2) lead to the following twb expressions for 
the matching function between the two frequencies: 



(4) 




(5) 




The expression for the matching function derived from (3) is given in equation 
(15), Part I. 



A comparison between the three possible kinds of theoretical matching 
functions is given in Fig. 3. The matching data of JS LL were ‘used as a 
basis, and the constants in the different expressions for the matching functions 

__3_about__li e ire^ 

were estimated from the asymptotic values of these data. It will appear that, 
in general, the matching data are better approximated by Zwislocki's expression 
for the matching function than by any of the other two expressions. Further, 
it should be noted that only Zwislocki's expression gives a matching function . 
with a double inflection, and that this double inflection is recovered in 
the matching data for all Ss at all frequencies sufficiently removed from 
the reference frequency to permit this effect to become apparent (see Figs. 

23 - 25, Part II). 

(A further argument In favor of the matching function advanced by Zwislocki 

can be derived from a study by Heilman and Zwislocki (1964) . These authors 

obtained loudness balances between a 1000 cps tone with noise, and a 1000 

cpp tone without noise. A matching function calculated according to equation 

(15), Part I, with 6 * .27, k » 89, and k * 2,5, shows excellent agreement 

x y 

with the data.) 

In evaluating the most suitable form of the theoretical function relating 
'sensation magnitude' (e.g., 'loudness') to stimulus magnitude, and the matching 
function derived herefrom, it should be borne in mind that while expressions 
(1) and (2) are non-specific, expression (3) was developed with special 
reference to psycho-acoustics. Thus, there is no a priori reason to expect 
that expression (3) will be valid for other sensdry modalities. 

Acoustic impedance n t eardrum 

The average acoustic impedance at the eardrum for low levels of the 
stimulating tone (Fig. 10, Part II) for Ss LL and FP shows good agreement with 



previous determinations for groups of Ss, as summarized by Zwislocki (1962), 

•and by Fdldman and Zwislocki (1965). The possible explanations of the signif- 
icantly higher values of both resistance and reactance in the case of S. JR 
have already been discussed (Part II) . 

Although many studies have been . concerned with the acoustic impedance 
at the eardrum as a function of the acoustic reflex /e.g., Dallos, 1964; 

Feldman & Zwislocki, 1965; Jepsen, 1955; Metz, 1951; Miller, 1962), no 
data directly comparable to our determinations of acoustic impedance as a function 
of the intensity of the (ipsilaterally) stimulating tone seem to be available. 
Feldman and Zwislocki (1965) summarize some of the previous research in terms 
of the difference In the resistive and the reactive component of the Impedance, 
respectively, associated with relaxed and (presumably), fully activated reflex. 

A comparison between these values and the maximum changes in the two Impedance 
components of the present data shows much smaller changes for Ss LL and FP, 
and considerably greater changes for S. JR, (although the relative changes 
for this S. are of the same order of magnitude as those summarized by Feldman 
and Zwislocki) . The smaller changes found for Ss LL and FP may be accounted 
for by reference to the fact that in the present investigation prolonged ex- 
posure to the stimulating tone was employed, thus permitting adaptation effects 
to operate freely. 

The pronounced decrease in both impedance components with increasing stimula- 
ting intensity found in the present investigation for all frequencies and all 
Ss apparently has never been reported before. Thid seems to be due to the 
fact that this decrease appears only at sound pressure levels in excess of 
110-120 db, and that no previous study appears to have employed stimulating 
sound intensities above this level. 

Apparently, sufficient data from previous research are not all 

i 

available to test effectively the contention (stated in Part III) that the 



acoustic reflex threshold coincides with an equal-loudness contour# The 
same lack of pertinent data is encountered regarding the contention (likewise 
stated in Part III) that the threshold for a decrease in impedance coincides 
with a contour of equal displacement amplitude of stapes. 

Analog approximations of static and of changing acoustic impedance 

By adjusting the values of the parameters of Zwislocki' s middle-ear 
analog network, a reasonable approximation between observed acoustic impedances 
at the eardrum for low levels of the stimulating tone and the input impedance 
of the analog network was obtained for each J3. The corresponding transfer 
function of the analog network was calculated for each set of adjusted parameter 
values, and it was shown - assuming this transfer function to be applicable to 
the ear in question - that the (hypothetical) maximum displacement amplitude 
of the cochlear partition is approximately independent of frequency Jcor fre- 
quencies above 200 cps under the condition of equal-loudness, at sufficiently 
high loudness levels. This conclusion seems to be in agreement with Zwislocki 
( 1965 ) . 

An unsuccessful attempt was made at adjusting the parameter values of the 
analog network so as to make this network display changes in input impedance 
similar to the observed changes in acoustic impedance presumably owing to acti- 
vation of the acoustic reflex for jS JR. Similarly, it was not possible to 
obtain a satisfactory simulation of .the observed changes in acoustic impedance 
presumably associated with a change in the axis of rotation of the malleo- 
incudal complex for IS LL. By extending the analog network developed by Zwislocki 
to duplicate the effect of a change in the above-mentioned axis of rotation, 
however, a satisfactory simulation of change of acoustic impedance for this 
latter S, was achieved by assuming that an increase in the compliance of the 
eardrum precedes or accompanies a change in axis of rotation. No pertinent 
data from previous studies seem available for an evaluation of this possibility. 



Problems for further investigation 

In the light of the research presented in this report, two main areas 

seem in need of further investigation. One area concerns the' mechanism respon- 

« 

sible for the decrease in acoustic impedance at the eardrum observed at high 
stimulating sound intensities. In particular, it would be of interest to know 
if this mechanism is unilateral or bilateral; only in the former case may this 
drop in Impedance be associated with a passively* activated change of axis 
of rotation of the malleo-incudal complex. A further step towards a better 
understanding of this mechanism would consist of arriving at a closi* specif i- 
cation of the effective stimulus for this kind of impedance change. This point 
could be investigated by measuring the acoustic impedance at the eardrum 
on Ss with varying kinds of deafness, again as a function of the (ipsilaterally) 
stimulating tone. Finally, the partial mechanism suggested by the analog analy- 
sis of the data of S. LL, viz., that the handle of the malleus moves outward 
at high sound intensities, could be tested either by direct visual observation, 
or by observing possible changes of volume in front of the eardrum by means 
of a manometer. 

The second main area of interest for further investigation concerns the 

nature of the acoustic reflex. Although the mechanical action of this reflex 

* 

is supposedly rather well established, its integration with the remaining 

middle-ear system apparently is more complex than suggested by Zwislocki's 

* 

analog network. In addition to this need for a closer specification of the 
mechanical action of the acoustic reflex, it would be of considerable interest 
to be able to specify its effective stimulus more exactly, specifically whether 
’loudness* is the effective stimulus. One approach to this latter problem would 

t 

be to apply stimulating tones of varying frequency and intensity to one ear, 
and measure the acoustic impedance at a given frequency at the opposite ear. 



From these data, * equal-impedance-producing ’ contours could be constructed 
for the stimulated ear, and these contours could then be compared with the 
equal-loudness contours for the same ear. If the two sets of contours follow 
each other closely, for normal-hearing Ss as well as for Ss suffering from 
various forms of deafness, ’ loudness r may indeed be regarded as the effective 
stimulus for the activation of the acoustic reflex. (A special case of this 
comparison would involve the threshold curve for the reflex, and some equal-loud- 
ness contour) . 



Erratum 



Last term of equation (15), Part I, to read: 
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Figure Captions 

Fig. 1. Continuous curves: Average threshold curve (minimum audible 

v- 

f ield) , and one average equal-loudness contour, compiled from previous re- 
search by Lochner and Burger (1962). Points: Average thresholds (minimum 

audible pressure), and one set of loudness matches, for each of the three 
Ss of the present study. 

Fig. 2. Matching functions relative to 320 cps, reconstructed from the 
equal- loudness contours compiled by Lochner and Burger (1962) . 

Fig. 3. Average loudness matches of £ LL, and three sets of possible 
theoretical matching functions. The parameters of these matching functions 
were estimated from the asymptotic values of the loudness matches for each 
frequency. 
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Development of the Prosodic Features of Infant Vocalizing: II 

W.C. Sheppard and H.L. Lane 

. A 

Center for Research on Language and Language Behavior 



Abstract 



A method is described for analyzing the prosodic features 
of infant vocalizing. The definition of an utterance is ex- 
plored by varying the temporal threshold over a range of val- 
ues from 100 msec to 400 msec. Most of the parameters were 
found to be unaffected by changes in the temporal threshold 
within this range. Results for the 100 msec temporal thresh- 
old are presented. There are few developmental trends. Sig- 
nificant exceptions are the average fundamental frequency and 
average duration both of which show a similar trend. Three 
hypotheses are advanced to account for the observed trends. 
Correlations between the parameters are presented and discussed. 



A preliminary report on the development of prosodic features of infant 
vocalizing has appeared previously (Sheppard & Lane, 1966). The method 
employed began with complete and continuous recordings of all the vocal- 
ization of two infants during the first five months of life. These record- 
ings started with the birth cries and continued uninterrupted as the in- 
fants were moved to private rooms at the hospital and then into plexiglass 
"air-cribs" at home. The recordings were sampled for analysis by select- 
ing three 95-sec samples of vocalizing at specified times during the day, 
every fourth day, for the first 141 days of life. The prosodic fea- 
tures of vocalising were analysed by extracting three acoustic parameters- 
fundamental frequency (cps), amplitude (decibels), and duration (msec) 
during each of the 108 samples. The outputs of the parameter extractors 
(analog electronic devices) were measured every 25 msec by an analog-to- 
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digital converter, then processed by an on-line digital computer. Composite 
statistics, describing the three prosodic features of the vocalizing in^ each 
sample, were then computed. 

Two modifications of the previously described method have been made. 

The preliminary results reported were based on a temporal threshold (tp) 
of four out of five samples. During subsequent data analysis t^, was 
varied over a wide range of values. The 100 msec (4 samples) temporal 
threshold used in the present report was arrived at as a result of these 
studies (described below) . These studies also revealed that the frequency 
distribution of duration was highly right-skewed, whereas the frequency 
distributions of fundamental frequency and amplitude were not. Accordingly, 
the statistics presented here are based on the linear values of these pa- 
rameters, rather than on their logarithmic transformations, as in the earlier 
report, with the exception of duration for which both arithmetic and geometric 
means are reported. 



Results and Discussion 

Defining an utterance 

.I 

Three parameters of the technique of prosodic analysis determine the 
definition of an utterance in this study and, hence, the magnitude of var- 
ious response statistics. These are the amplitude, frequency, and temporal 
thresholds. The appropriate values of the first two are reasonably speci- 
fied by considerations discussed in the earlier report, but the most suit- 
able setting of the temporal threshold (t^) seemed more equivocal and was 
explored. Four values of the temporal threshold were studied: four out of 
five samples, 100 msec (four samples), 200 msec (eight samples) and 400 
msec (sixteen samples). This range of values was established with 




reference to both physiological and statistical considerations. Neuro- 
muscular constraints on the respiratory and vocal apparatus probably set 
a lower bound to inter-response times in the region of 100 msec. (Rothenberg, 
1966). On the other hand, when utterances separated by more than 400 msec 
are pooled, the measures of within utterance variance in the parameters are 
greatly inflated. Tables 1 and 2 show the effects on several measures of 



Insert Tables ^ and 2 about here 

infant vocalizing of varying this parameter of the analysis. A comparison 
of the data obtained using the 400 msec t^, and 100 msec shows that the 
statistics for most of the parameters are relatively unaffected by the 
choice of the t ^ within this range. (The results for the four out of five 
samples t# were almost identical with those for the 100 msec t^,; the results 
for the 200 msec t^ were intermediate between those for the 400 msec t 

mmm%J — "O 

and the 100 msec t^.) The first exception is the higher arithmetic mean 
duration of utterances, M^(D), for the 400 msec t# than for the 100 msec t 
The second exception is the higher measures of within utterance variability 
in fundamental frequency, M(CVF), and amplitude, M(CVA), for the 400 msec 
^ than for the 100 msec t^. Since most of the statistics reported are 
remarkably stable over a wide range of JtQ, and since an increase in only 
increases the duration and within utterance variability of utterances, both 
of which indicate that two or more distinct vocal responses are being com- 
pounded into one utterance, 100 msec was chosen as the temporal threshold. 

Trends in prosodic features 

Table 2 presents several statistics that describe the prosodic fea- 
tures of infant vocalizing, averaged over blocks of nine samples and also 



over all samples. Statistics reported for the distribution of the mean 
fundamental frequencies of utterances are its central tendency, M(MF) , skew- 
ness^GCMF), and variance expressed as the coefficient of variation between 
utterances, CV(MF) = S(MF)/M(MF). Also shown is the average coefficient 
of variation within utterances in the fundamental frequency measures, M(CVF) 

* M(SF/MF) , and the skewness of the associated distribution, G(CVF) ; the 
average coefficient of variation within utterances in the amplitude measures, 
M(CVA) = M(SA/Ma),and the skewness of the associated distribution, G(CVA) . 

For the frequency distribution of utterance durations, Table 2 shows the 
central tendency, M a (D) , the skewness, G(D) , and the variance expressed 
as the coefficient of variation, CV(D) * S(D)/M(D); the geometric mean, 

Mg (D) , is also given, since the distribution turns out to be highly right- 
skewed. Product-moment correlations are reported among the following sta- 
tistics, as shown in Table 2: utterance duration (D), mean utterance fundamental 
frequency (MF) , mean utterance amplitude (MA) , within utterance variability 
in fundamental frequency (SF) , and within utterance variability in 
amplitude (SA). 

All of the statistics reported in Table 2 (except measures of skewness 
and most of the correlations) are plotted in Fig. 1 as a function of age and 
sample number, averaged over blocks of nine samples. Inspection of the de- 
velopmental changes in the fundamental frequencies of utterances over the 
first 141 days shows that the M(MF) at birth was approximately 438 cps; then 
it decreased to 411 cps by sample number 18 (approximately 21 days) , and 

Insert Fig. 1 about here 

remained there until sample number 36 (approximately 45 days); and then it 
rose and stabilized at about 450 cps for the duration of the study. The 



average skewness for the associated distributions, G(MF) , reported in 
Table 2 is .482, indicating that the. distributions are slightly positively 
skewed. The coefficient of variation between utterances in fundamental 
frequency, CV(MF), remained nearly constant (.096-. 136) over the entire 
study. That is to say, the infant’s utterances did not become more (or 
less) variable in pitch as he grew older: approximately two-thirds of 
the utterances in a typical sample had fundamental frequencies within 
about ten percent of the mean value. The average coefficient of variation 
within utterances in fundamental frequency , M(CVF) , remained similarly 
constant ( .086-. 113) ; the associated distributions are not appreciably 
skewed, G(CVF) * .305. We may conclude that the infant Is pitch did not 
fluctuate during an utterance more (or less) as he grew older: approximately 
two-thirds of the readings of his fundamental frequency during a typical 
utterance were within ten per cent of the mean pitch of that utterance. 

The average coefficient of variation within utterances in amplitude, 
M(CVA) , also remained nearly constant (.291-. 382); the associated distri- 
butions are not skewed G(CVA) * .035. The M(CVA), reported in Table 2 
is .349; this is considerably higher than the M(CVF) , .098, showing that 
the variability in amplitude within utterances is greater than the vari- 
ability in fundamental frequency within utterances. 

The arithmetic mean duration of utterances, M a (D), was approximately 
613 msec at birth; then it decreased to 466 msec by sample number 18 (ap- 
proximately 21 days) and remained there until sample number 36 (approxi- 
mately 45 days) ; and then rose to the region of 600 msec for the rest of 
the study. The average skewness for the frequency distributions of utter- 
ance durations, G(D) , reported in Table 2, is 1.33, indicating that the 
distributions are highly positive skewed. Thus, there were, in addition 
to many responses of short duration, a number of long ones, although, as 
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can be seen from Table 2, this spread was reduced somewhat with increas- 
ing age. Indeed, some of the distributions showed slight bimodaxlty; 
however, it proved impossible to find a non-arbitrary value o one <.r a 
number of parameters in combination that would sort the respond- into 
two (or more) classes. The coefficient of variation between utterances 
in duration, CV(D), decreased from 1.23 to .909 over the study indicating 
that the average duration of utterances within a sample became more uni- 
form as a function of age. The geometric mean duration of utterances, 

Mg(D), was approximately 267 msec at birth, then it decreased to 229 msec 

* 

by sample number 18 (approximately 21 days) and remained there until 

sample number 36 (approximately 45 days) , and then rose and stabilized 

2 

at about 300 msec for the duration of the study. The trend of the geo- 
metric mean duration is the same as that for the arithmetic mean duration 
but the magnitude of the former is smaller, since the frequency distrib- 
utions of the utterance durations dre highly positive skewed. 

« 

Possible sources of developmental trends 

Several of the statistics presented in Fig. 1 show a similar develop- 
mental trend. Noteworthy is the covariation of average fundamental fre- 
quency, M(MF) , and average duration, M a (D) and Mg(D). The parameters show 
a decrease from their initial values by sample number 18 (approximately 21 
days) , then an increase to a value that exceeds their initial level, and 
finally stability for the duration of the study. 

Three possible explanations of these developmental trends suggest 



* 




themselves. First, the observed trend in the measures could be the result 
of chance fluctuations. This explanation seems rather unlikely in view 



of the consistency of the trend across different measures, and the magni- 
tude of the fluctuations. 

A second possible explanation is based on considerations of the in- 
fants' physiological development. Increases in the area, thickness, and 
length of the vocal cords with age, would lead (other things equal) to a 

decrease in fundamental frequency which could account for the initial 

* 

drop in the value of this parameter. However, an increase with age in 
the subglottal pressure that the infant can develop (owing to neuromuscular 
and anatomical development of the respiratory mechanism) would contribute 

t 

to an increase in fundamental frequency. The successive occurrence of 
these two antagonistic developments could produce the observed trends. 

A third possible explanation involves the greater fundamental fre- 
quency and duration of crying responses than those of non-crying responses. 
The initial high level of these measures is due in this interpretation to 
the relative frequency of unconditioned-reflex crying-responses; the values 
of these measures then decrease as the relative frequency of unconditioned- 
reflex crying decreases with age (Lenneberg, 1965). Later, a new class of 
operant crying-responses appears. These responses occur more often as they 
come to be controlled by environmental events. Thus, there is something 
of a time-lag between the gradual disappearance of reflexive crying and 
the gradual appearance of motivated crying. 

Of course, both behavioral and physiological changes may enter into 
the final account of the development trends observed, if they prove rep- 
licable. 

» 

Correlations among parameters 

* Figure 1 shows that the correlation between the average amplitude of 
utterances, MA, and the average fundamental frequency of utterances, MF, - 
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t 

decreased from .357 to .141 over the study. To speculate a little further, 
this decrease may reflect a change in the mode by which the infant produces 
variations in fundamental frequency. An infant at birth presumably lacks 
control of the musculature- involved in the mass and tension of the vocal 
cords; therefore, the primary manner in which variations in fundamental 
frequency occur is by corresponding variations in subglottal pressure. 

The latter would also be correlated with changes in the sound pressure 
generated. Hence, this mode of voicing control yields a high correlation 
between MF and MA. 

As the child matures and gains control of the laryngeal musculature, 

changes in fundamental frequency can be produced by neuromuscular, as well 

3 

as aerodynamic, mechanisms. This would result in a lower correlation 
between average fundamental frequency and average amplitude since changes 
in fundamental frequency can then occur largely independent of amplitude. 

The overall correlations reported in Table 2 between (MF,MA), (MF,SA) 
and (MF,D) are less than .25; between (MF,SF), (MA,SF), (SF,SA) and (SF,D) 
they are .25 or greater but less than .50; and between (MA,SA) , (MA,D) and 
(SA,D) they are greater than .50. All of the correlations involving the 
mean utterance fundamental frequency, MF, show only a slight relationship 
(less than .25), except r(MF,SF). The correlations between the standard 
deviation within utterances in fundamental frequencies, SF, and all four 
other variables are moderately high (between .25 and .50). The correlations 
between the mean utterance amplitude, MA, the standard deviation within 
utterances in amplitude, SA, and the duration of utterances, D, are greater 
than .50 . It is particularly interesting to note that longer utterances 
typically have greater amplitude and shorter, less. 



Replication 

At present, tape recordings made under comparable conditions with a 
second infant are undergoing similar analysis, in order to examine how 
replicable are the magnitudes and trends of parameter values obtained in 
this study. 



Footnotes 

1. Rach (1960) has shown that the delay between the appearance 
of a proprioceptive impulse during the execution of an arbitrary move- 
ment and the motor correction elicited was about 100 msec. This co- 
incides with estimates by various authors of minimal syllable duration 
(Kozhevnikov & Chistovich, 1965). 

2. Ringwall, Reese, and Markel (1965) report that 81. per cent of 
the utterances in four minute segments of vocalizing obtained from 40. 
three-day-old Infants were judged by trained listeners to be shorter 
than the word "pit” as it is normally pronounced. Measurement of the 
word "pit" produced by several different speakers shows its duration 

to be approximately 350 msec. Thus, this measure of the duration of 
infant utterances agrees with the present findings. 

3. "The fundamental frequency of phonation is thus a function of 
the subglottal air pressure function and it falls during the last 150- 
200 msec of phonation [of a sentence]... the falling terminal funda- 
mental frequency contour... is a universal aspect of the unmarked 
breath-group. Data on the cries of newborn infants show that... the 
fundamental frequency falls at the end of phonation because the sub- 
glottal pressure falls... Developmental data indicates that children 
apparently acquire the idiosyncratic [laryngeally^cont rolled] aspects 
of the breath-group of their native language during the first year of 
life.” ( Lieberman, 1966, p.4.) 
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Figure Caption 

Fig. 1. Developmental trends in the prosodic features of an infant’s 
vocalizing. Each statistic is presented as a function of age and sample 
number, averaged over blocks of nine samples. 
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Abstract 



This study is concerned with an instrumental contrastive analysis 
of the prosody of General American English (GAE) and Colloquial Jordanian 
Arabic (CJA). The main purpose of this study, the first specifically 
contrastive linguistic analysis of the prosodic features of GAE and CJA, 
is to identify the areas of difficulty involved in the teaching of pro- 
sodic features of GAE to native speakers of CJA# 

A distinctive feature of this research is the use of the Speech Auto- 
Instructional Device (SAID) for analyzing and teaching prosodic features 
of both the native and target languages. The effectiveness of the SAID 
system as an electro-mechanical device was tested in these matters. 

Recordings of English informants and Jordanian subjects (Ss) speak- 
ing English provided the corpus for the study. Fifty-four utterances 
were selected from this corpus for analysis. For comparison, the CJA 
translation of these utterances were also recorded. Based on electro- 
acoustic analysis by the SAID system and the judgments of linguistically- 
trained listeners, the utterances were rated with respect to their pro- 
sodic accuracy in GAE t 

The results revealed characteristic errors made by Jordanian Ss. 

These errors were first classified into three categories (stress, rhythm 
and intonation). The differences between the prosodic patterns of the 
two languages were then described and interpreted. 

The study produced the following conclusions: 1) The Jordanian Ss 

incorrectly pronounced some GAE words of rore than one syllable. For”" 
example, in disyllabic compound words, they placed primary stress on 
the second syllable and secondary stress on the first syllable, influ- 
enced by their language stress habits, as in "rbommdte." 2) The 
Jordanian Sib pronounced the words of GAE utterances clearly and loudly, 
giving each word its citation value in terms of length and stress. 

3) The Jordanian Ss had special difficulty with GAE intonation patterns 
falling to pitch /4/, as well as with some rising-falling and falling- 
rising intonations. For example, they substituted the CJA falling 



intonation "2-3 for the GAE falling intonation ”2-4, which made their 
speech sound incomplete and unfinished to native speakers of English. 

4) It has been determined that CJA has three degrees of lexical stress 
which are nonphonemic, since they can be predicted according to the 
consonant-vowel structure of the word. The stresses have been labeled: 
primary ['], secondary [ K ] and weak [v]. in addition CJA has two more 
kinds of stress: contextual stress and sentence stress, both of which 
are phonemic. 5) Three relative pitch-levels have been found in the 
CJA intonation system. These pitches have been referred to as pitch 
level /l/, the highest pitch of CJA; pitch level /2/> and pitch level 
/3/, the lowest pitch in CJA used by speakers for normal conversation. 

6) CJA rhythm is found to be "word-stressed timed," though its effect 
is something like syllable- timing. This is due to the fact that a CJA 
utterance has a very high frequency of primary and secondary stresses. 

7) The analysis revealed two contrastive pauses in CJA: (a) final pause 
marking the completion of an utterance, and signaled primarily by a 
lower than usual fall to pitch /3/; (b) non-final pause signaling 
tentativeness or incompleteness. Before a non-final pause of a falling 
contour the pitch does not drop as low as it would before final pause 
and may even include a slight rise in pitch. 8) Learning through SAID 
is time-consuming and expensive. However, with further improvement it 
could prove to be one of the most effective means of teaching prosodic 
features of a second language efficiently, especially in situations 
where the number of students is small, or where native teachers of the 
target language are scarce. 



CHAPTER ONE 



INTRODUCTION 
1*1 Aim 

In recent years, quite a few materials and dissertations concerned 

with the phonology, morphology, and syntax of Arabic have been written. 

However, there are very few works dealing wholly or even partly with the 

prosodic features of the*>language.^ The only major modern work (that I 

o 

know of) devoted wholly to this subject is that of George Abdalla. With 

the exception of this work, there is no modern linguistic treatment of 

the prosodic features of either colloquial ot classical Arabic. 

No satisfactory contrastive studies of the prosody of American 

English and Arabic dialects have been done, either, certainly none from 

a pedagogical viewpoint* There are two works that deal partly with the 

3 

contrastive analysis of the prosody of the two languages: Kennedy’s and 

4 

Nasr's, both of which offer only limited details. Therefore, it is 
apparent that the present study is badly needed for both linguistic and 
teaching purposes, since it is mainly concerned with an instrumental 
analysis of the prosodies of General American English (GAE) and Colloquial 
Jordanian Arabic (CJA). 



^Sobleman, H. (Ed.) Arabic dialect studies, a selected bibliography . 
Wash., D.C.: Center for Applied Linguistics, Modem Language Association, 

1962. 

2 

Abdalla, A. G. "An instrumental study of the intonation of Egyptian 
colloquial Arabic." Unpublished doctoral dissertation, Univ. of Michigan, 
1960. 

3 

Kennedy, N. M. Problems of Americans in mastering the pronunciation 
of Egyptian Arabic . Wash., D.C.: Center for Applied Linguistics, Modem 

Language Association, 1960. 

S?asr, R. T. "The phonological problems involved in the teaching of 
American English to native speakers of Lebanese Arabic." Unpublished 
doctoral dissertation, Univ. of Michigan, 1955. 
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The main purpose of the research reported here is not to give a full 
description of the prosody of CJA, but to identify the areas of difficulty 
involved in the teaching of prosodic features of GAE to native speakers of 
CJA. However, a contrastive analysis of these aspects of the two languages 
and a delineation of the areas of interference between them require an 
initial description of the prosody of CJA, restricted to the corpus of data. 
Perhaps this work will faQilitate further research in the field by predicting 
problems that are involved in the teaching of prosodic features of Arabic 
to native speakers of English. 

A distinctive feature of this research is the use of the Speech Auto- 

Instructional Device (SAID) for analyzing and teaching the prosodic features 

5 

of both the native and target languages. 

* 

1.2 Method 

Informants and Subjects 

The corpus was recorded and developed with the cooperation of two 

groups: English informants and Jordanian subjects (Ss) . The first group 

6 7 

consisted of John C. Catford and Alton L. Becker. Becker was selected as 
the speaker of GAE. The second group was selected from four Jordanian 
students, three of whom had recently arrived in the United States. The latter 



5 

For more details and a technical account of the operation of the SAID 
system see: Buiten, R. L., and Lane, H. L. "A self-instructional device for 

conditioning accurate prosody." IRAL, ,3, 205-219, 1965. 

Professor of Linguistics, Director of the English Language Institute, 
Univ. of Michigan and Member of Executive Committee, Center for Research on 
Language and Language Behavior. 

7 

Instructor in English and Linguistics and Research Assistant, Center 
for Research on Language and Language Behavior. 
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group consisted of: 

Habib Fakhoury from the city of Salt. 

Hazar Hijazi from the city of Irbid. 

Abdallah Nusur from the city of Salt^ 

Basim Shihadah from the city of Irbid. 

The members of this group represent the educated class in Jordan; have 
lived in towns all their lives; and have received their elementary and sec- 
ondary education in Jordanian governmental schools. The Ss' home towns are 
adjoining communities and their dialects are homogeneous. Hence, the speech 
habits of the Ss constitute one of the two major CJA dialects — the dialect 
of the Eastern bank of Jordan. Although these Ss studied English for eight 
years in Jordan and spent five to eight months studying in the United States 
before the start of this project, their knowledge of English was not good 
enough to enable them to u~,e the language correctly and efficiently in their 
speech and writing. 

Procedure 

The corpus collected for recording consists of five English dialogues, 
especially prepared for the study of intonation, stress and rhythm. These 
dialogues contain fifty-four utterances selected for analysis. The follow- 
ing criteria were used to select these utterances: 

1. They include items of everyday and personal nature that have a 
high degree of usefulness to Jordanian students learning English. 

2. They include examples of affirmative and negative statements, 
yes-no questions, wh- questions, attached questions, greetings, 
requests, and commands as well as exclamatory sentences . 

3. They include items that vary in length, grammatical construction* 
and phonetic structure. 
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They include items that have the same lexical meaning but have a 
variety of intonations which allow for the comparison and contrast 
of various degrees of pitch and stress. 

The English informants and the Jordanian Ss were requested to produce 
the normal speech of daily conversation while recording on magnetic tape, 
and to act out the dialogues in a natural way. For comparative analysis the 
CJA translation-equivalents of the fifty- four English utterances mentioned 
above were recorded by the S>s. 

Analysis of the Corpus 

The recorded tapes were played back and the fifty— four utterances 
selected for analysis were picked out of the recorded dialogues for each 
informant and S. and copied on another set of tapes. This new set of tapes 
had the selected utterances for all the informants and Ss arranged according 
to their occurrence in the dialogues. This created the need for making a 
third set of tapes on which the utterances were arranged in the following 
order: (1) the category of greetings with its various intonation patterns, 

(2) the category of statements, (3) the category of yes-no questions, (4) 
the category of wh- questions, (5) the category of requests and commands, 

(6) the category of exclamatory sentences, and (7), the category of attached 

g 

questions. Finally, a new set of tapes was prepared so that a listener 
could first hear a model recording as performed by the English informant, 
and then the recording of the same utterance by one of the Ss. This was 
done with each pair of utterances. 

' Later, incorrect productions of the prosodic features of GAE by Ss were 
sorted out. First, I listened to the tapes, taking each pair of utterances 
as they were, copied on the final set of listening tapes. The performance of 

g 

The order in which these categories are presented will be accpunted 
for in Chapter 4* p. 62.. - 



the model(M)was compared with that of the JS for amplitude, pitch and tempo. 

If the two utterances appeared to have different stress, rhythm, or intonation 
patterns, they were marked to be singled out. Otherwise, they were left un- 
marked. The resultant list was then classified into three major categories 
pertaining to stress, rhythm and intonation. 

Following this, a listening experiment was run in which five native 
English speakers and two non-native English speakers, all linguistically 
trained, participated. They are: 

Peter Abboud, Assistant Professor of Linguistics, University of 
Texas 

John Applegate, Associate Professor of Linguistics, UCLA 

Alton Becker, Instructor of English and Linguistics, University 
of Michigan 

John Catford, Professor of Linguistics, University of Michigan 

Daisy Crystal, Instructor of English, Columbia University 

Carolyn Killean, Ph.D. candidate in Linguistics, University 
of Michigan 

Ernest McCarus, Associate Professor of Near Eastern Languages 
and Literatures , University of Michigan 

The listeners were first given a sheet of instructions that explained what was 

involved in the experiment. They were asked to listen to the tapes of English 

utterances by Jordanians, and to mark the primary stress points and intonation 

9 

contours. This marking was done on an attached form which included all the 

utterances arranged in order. A final consensus of the listeners'' reaction 

was then made for each £ and later on for all jSs.^ 

Finally, using the SAID system (pitch and intensity analyzer and pen- 
11 

writer) , strip charts of the selected utterances were completed for analysis 
9 

See Appendix II-C, pp* .172-173. 

^See Appendix II-D, E, F, G, H, pp. 174-194 0 
■^See Buiten and Lane, ££. cit . 



as they were copied on the final tapes. The charts were very helpful in 

showing variations in amplitude, pitch, and tempo between the 

perforraancesof the English informants and the Ss. This provided an evaluation 

of the SAID system as an electro mechanical device for analyzing the prosody 

12 

.of foreign languages. 

In addition to SAID analysis and the listening experiment, spectrogr ams 
for some of the utterances selected for analysis were made. These spectro- 
grams were useful in checking on the strip charts and in delimiting relevant' 
information with regard to some intonation contours. In conjunction with the 
study of CJA rhythm, it was found necessary to produce raingograms^for a few 
CJA translation-equivalents of the English utterances in order to determine if 
CJA rhythm is syllable-timed, word-stressed timed, or phrase-time^. 4 The results 
obtained from an analysis of the charts were then compared with the results from 
the listening experiment, as well as with the judgment of the author. Even- 
tually, a final consensus of the three judgments (one machine and two human) 

15 

was established. This consensus became the foundation upon which prediction 
and illustration of the areas of difficulty between the two languages were based. 

The difficulties pinpointed were then classified Into three groups of 
problems: stress, rhythm,and intonation. Finally, the problems of each category 
were presented in the following manner: indication of the problem involved, 

its description, and its interpretation in relation to any difference found 
in this research between GAE and CJA prosodic patterns. 16 



12 



13 



See Chapter 5, pp. 101-107. 
See Fig. 3, p. 35. 



14 



15 



16 



See Fig. 3, p. 35 and Chapter 3, pp. 31-37. 
See Appendix II-J,K, pp. 199-206. 

For details see Chapter 4, pp. 48-100. 



1.3 Transcription 



The phonemic transcription used in this research for some of the English 
utterances is based on that used by Lado and Fries in English Pronunciation . 17 
Below is a phonemic representation of the English segmentals as used 
by the authors. * 

Vowels 

i /it/ eat 

I /It / it 

e / let / late 

e /let / let 

88 /TBBBn / man 

9 /bot/ but 

a /nat / not 

u / du / do 

XT /gad/ good 

o /no / no 

0 / so / saw 

Dip thongs 

ai / ai / I 

a v /natr/ now* 

01 /bo i / boy 



17 

English Language Institute staff (Robert Lado and Charles C. Fries) 
English Pronunciation . Ann Arborl University of Michigan Press, 1958. 
p. viii. 
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Consonants 



Lj 



b 


/bi/ 


be 


i ' 

i 








Lj 


d 


/ du/ 


do 










p 


f. 


/for/ 


four 


Li 


g 


/go/ 


go 


pP 


h 


/hom/ 


home 


1 

Lj 


k 


/kem/ 


come 


n 








L_j 


1 


/ let/ 


late 


n 


m 


/meen/ 


man 


L J 


n 


/no/ 


no 




P 


/pe/ 


pay 


L j 


r 


/rum/ 


room 


rp 

! 

Lj 


s 


/se/ 


say 


p 


t 


/ tarn/ 


time 


L J 


V 


/vauel/ 


vowel 




w 


/wi/ 


we 


Lj 


y 


/yu/ 


you 


n 








u 


z 


/ z Jro/ 


zero 


M 


33 


/sxq/ 


sing 


Lj 


0 


/0113k/ 


think 


P 


3 


/Se/ 


they 


Lj 


V 

s 


/si/ 


she 


P 


V 

z 


/yuzuel/ 


usual 


LJ 


V 

c 


/cere/ 


church 


p 

L 


3 


/3o/ 


Joe 





L 

n 



P 

u 



c 



1 
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I 


Arabic phonemic transcription 


• 


1 


Following is a list 


of the CJA phonemic symbols 


, illustrated by examples 




taken from my data were possible. 




J 


Phonemic Symbol 


Phonemic Transcription 


English Equivalent 




Vowels 








aa 


/saami/ 


’sami’ 


V„_J 


uu 


/mxuu/ 


f I take 1 

4 




oo 


/ho on/ 


’here 1 




ii 


/to. if/ 


'how?' 


f — \ 


ee 


/*eeS/ 


’what! * 


u . J 


a 


/bas/ 


’but 1 


^ 1 


u 


/gul/ 


f say' (imperative) 


' 1 


i 


/raumkin/ 


’may 1 


L J 
r 


Consonants 






J 


b 


/batyibb/ 


’I like’ 


r -i 


t 


/tuukil/ 


’you eat’ 


J 


e 


/Gamaanya/ 


’eight* 


r 1 


j 


/?i jjaay/ 


’next* 


f 1 


b 


/tyaalak/ 


’your condition* 


J 


X 


/mxuu/ 


*his brother' 


' ) 


d 


/dagiiga/ 


’minute’ 


X J 


5 


/^aaxub/ 


'I take' 


r 


r 


/raayify/ 


'will you' 


t -J 
r 


z 


/zurt/ 


'I visited* 


' J 


s 


/sana/ 


'year* 


r i 


s 


/saay/ 


'tea' 


u J 

r 1 


V 

c 


*/oilma/ 18 


'word' 


'hi 


^®Words carrying asterisk are not taken from 


data. 


o 

ERIC 









T 
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k 






o 

ERIC 



Consonants 



19 



20 



One £ replaced § with according to literary Arabic tradition. 
One JS replaced /g / with /q/ because of residence in a /q/ area. 



n 

U 



§ 


/ galjlilj/ 


. . ! 

*is it true?* 


n 

J 


t 

• 


/^a^hum/ 


•he put them* 


n 


3 19 

• 


/§aabi-f/ 


Officer* 


J 




/*?isim/ 


*name* 


n 

t 


9 


/<?arabi/ 


Arabic* 


u 


r 


/luya/ 


language* 

i 


n 

i i 

u 


f 


/fariid/ 


1 Farid* 

! 


n 


g 20 


/exit/ 


*you said* i 


j 


k 


/kiif/ 


*how? * 


n 


1 


/fyaalak/ 


1 

’your condition* 


k-J 


1 

• 


/’a»a/ 


*God* 

1 


H 

t 

1 I 


m 


/mliiljLa/ 


* comfortable, good* 

1 


n ' 


n 


/mnaa/ 


*1* 


1 1 

U 


h 


/ho on/ 


*here* i 


n 

! i 


w 


/ween/ 


*where? * 


u 


y 


/ya / 


*0* (vocative) 


n 



H 

Li 



0 

□ 



D 

0 
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n 

Lj 

I 

u 

I 

r-i 
' wJ 

. ri 

' mJ 

n 

* 

> lJ 

# 

t L.J 

1 rn 

' U 

. 

r H 

v,-J 

l 

L J 

. r 1 

l J 

► 

r 1 
1 t J 

r h 
LJ 

""I 



n 

U 

M 



n 

t_J 

» 



r-| 

i 

LJ 




O 

ERIC 



1.5 Symbols and Abbreviations 
The following symbols and abbreviations are used: 

* 

V: Short vowel 



VV 

C 

M 

S 

Ss 

GAE 

CJA 



SAID 

/ 

// 

I / 

[ ] 






Pitches: 



111 
121 
131 
1 4/ 
/» 



Long vowel 

Consonant 

Model 

Subject 

Subjects 

General American English 

Colloquial Jordanian Arabic 

Speech Auto-Instructional Device 

Designates tentative (non-final) pause 

Designates final pause 

Encloses phonemic symbols 

Encloses phonetic symbols 

Denotes boundary of rhythm unit 

Denotes omission of word-initial / ? / and no 
break in phonation. Always placed after the 
vowel regardless of original morpheme boundaries. 



Extra high 

High 

Mid 

Low 

Indicates slight rise without change in 
pitch level. 



T 



2-4: 



"2-4: 
*2-4: 
3-" 2-4: 



"2-4-: 



Stresses 



M 



ERjt 
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An intonation contour which starts at pitch level / 2/ 
and ends at pitch level /4/. 

An intonation contour under primary stress# 

An intonation contour under secondary stress. 
Precontour of pitch level /3/ preceding the intonation 
contour "2-4. 



An intonation contour , the ending point of which does 
not change pitch but continues on the same level of 



pitch /4/ 



Primary stress 



Secondary stress 
Weak stress 



Sentence stress 



<: 



IT 



Lj 



r“l 



L ) 






u 






rn 






n 



H 

LJ 



n 

LJ 



n 

Lj 



H 

Lj 



n 

j ! 

U 



n 

U 



n 

u 



n 

U 



r 



u 



0 



CHAPTER TWO 



BRIEF DESCRIPTION OF THE PROSODY OF GAE 

This chapter includes a brief description of the prosody of GAE. My 

analysis represents a composite analysis based on those done by Pike, 1 Lado, 2 

34 5 , 

Sledd, Hill, Stockwell and Bowen, and Trager and Smith. The criterion 

for inclusion of any item was its relevance to the contrastive 

study that forms the body of this research. 

2.1 Stress 

In the description of patterns of stress in GAE, linguists use two 
systems: the four-stress system and the three-stress system. Followers of 

the first recognize four phonemic degrees of stress that are determined 
according to their position In words. Trager and Smith 7 and Hill 8 call these 
stresses: primary / 7, secondary / 7 > tertiary /*/, and weak /°/. Sledd 
calls them: strongest / 7, second / A /, third / 7 , and weakest / w /. 9 On 
the other hand, linguists who support the second system recognize only three 

Pike , Kenneth L • The Intonation of American English . Ann Arbor : 
University of Michigan Press, 1956. Chapters 3 and 4. 

2 

Lado, Robert. Linguistics Across Cultures . Ann Arbor: University of 
Michigan Press, 1957. Chapter 2. 

3 

Sledd, James. A Short Introduction to English Grammar . Chicago: Scott, 
Foresman and Co., 1959. Chapter 1. 

4 

Hill, Archibald A. Introduction to Linguistic Structures . New York: 
Harcourt, Brace and Co., 1958. Chapter 2. 

5 

Stockwell, Robert P,, and Bowen, J. D. The Sounds of English and 
Speech . Chicago: University of Chicago Press, 1965. Chapter 3. 

6 

Trager, George and Smith, Henry. An Outline of English Structure. 
Norman, Oklahoma: Bpttenburg Press, 1951. pp. 35-52. 

7 

Trager, G. and Smith, H.. loc . cit., p.. 37. 

8 

Hill, A. A. loc . cit., pp. 14-21. 

9 

Sledd, J. loc . cit . . pp. 32-33. 



